ABSTRACT Device-to-device (D2D) communications can combine the superiorities of both the cellular network and the Ad hoc network, and it is an efficient way to improve the capacity of short distance communication. D2D communications underlaying a cellular network can support vehicle-to-vehicle (V2V) communications. Channel state information (CSI) is crucial to the performance optimization of network. However, it is difficult to obtain the accurate CSI in the highly mobile vehicular environment. CSI of vehicular links is reported to the BS periodically. The delayed CSI feedback exists in the links of V2V and vehicle-to-CUE. The delayed message and the dynamic environment in the V2V network result in the uncertainty of channel gain. In order to improve the reliability of transmission, the vehicular delay time and the speed information are considered in the channel model. The sum-rate maximization problem under uncertainty constrains is formulated, and successive convex approximation is adopted to make the non-convex problem solvable. Two different forms of uncertain channel model are analyzed, and they are converted to the same form of optimization problem. The robust power allocation algorithm is given. The simulation results show the feasibility of the proposed scheme.
designed carefully. And the management must meet quality of service (QoS) requirements. Second, the high mobility of vehicles makes the estimation of channel gain very difficult and unreliable. Although the BS samples the state information of the vehicles, the sampling information is no longer accurate due to the high speed movement of the vehicles. So the high-speed movement of the vehicle leads to the delay of information transmission. In [18] , the dynamic link is analyzed. But it has not been applied to vehicle communication. Third, it is also worthwhile to consider the improvement of spectrum utilization on the premise that QoS meets the requirements. Based on the above three aspects, it is challenging to optimize D2D enabled V2V communication.
As frequency resources become more and more scarce, improving the resource reuse rate is urgent to be considered. One way to improve spectrum utilization is to change the rule of multiplexing. References [2] , [14] , [15] , and [19] have one thing in common, that the channel of one CUE is reused by one V2V pair. One-to-one matching reduces the interference of the CUE while reduces the reusing rate of the frequency. The other way, One CUE being reused by multiple V2V pairs, emerges [16] . But the one-to-many scheme will bring strong interference, if the design is not improper in coexisting network of D2D and cell [20] . On the other hand, the design of D2D communication includes maximizing throughput such as [21] and [22] or ensuring D2D reliable communication [23] [24] [25] . And the works in [26] [27] [28] [29] , jointly considered both aspects. One-to-many of D2D reuse researches have given us a lot of inspiration. The similar schemes of one CUE and multiple D2D have been considered in [27] [28] [29] [30] . Different algorithms dedicate to maximize the sum of transmission rate in [29] and [26] , [31] [32] [33] .
Moreover, the transmission delay is also the important factor affecting the communication performance. The rapid change of vehicle speed results in topological instability and disconnection of vehicle communication links. Single Ad-hoc link will bring broadcasting storm and latency [5] , [34] . In long-term evolution (LTE) system, the state of vehicular communication is also unsatisfactory due to latency of transmission. In [11] only large scale information is used to transform delay and reliable transmission into constraint conditions, while the dynamic communication link has been considered in the references [15] , [18] . Accounting the delay is due to the high speed mobile vehicle sending information to the BS periodically [15] . And Gauss-Markov process is used to describe the fast fading part in vehicle dynamic process. However, the one-to-one matching makes frequency reused rate low. In [16] , multiple V2V pairs reusing CUE channels have been considered. But, the delay problem of the link has not been considered in [16] .
In this paper, in order to improve the reliability of transmission, the vehicular delay time and the speed information is considered in the channel model. And the robust power allocation scheme is proposed which is against the uncertain channel state information. We summarize main contributions of this paper as follows:
1) The V2V and vehicle to CUE (V2CU) delay communication feature is considered. Dynamic links are applied to V2V and V2CU links. At the same time, multiple V2V pairs are used to multiplex one CUE channel to improve spectrum utilization.
2) The constraint condition of V2CU link is described by two models. The original uncertainty optimization problem is transformed into the computable constraints. For the constructed a non-convex problem, a practical solution is proposed.
3) The simulations validate the effectiveness of the proposed scheme in aspect of traffic density, vehicle speed, delay time. The numerical results indicate that the anti-interference performance of this scheme is well, with the changing uncertainty, the system can achieve better throughput.
The rest of this paper is organized as follows: In Section II, system model, channel gain and objective function are described. The constraints and objective function of the formulated problem have been transformed in Section III. Then, the simulation results and analysis are given in Section IV. Finally, conclusions are drawn in Section V.
Nation: In this paper, some nations are shown in table 1. 
II. SYSTEM MODEL AND PROBLEM FORMULATION A. SYSTEM MODEL
In this section, the system model and the features of the channel gain are introduced. As shown in Fig. 1 , the BS is located at the center of the communication network. V2V pairs and CUE are included in the communication area with FIGURE 1. Topology of the system. a radius of R. CUEs use orthogonal frequency division channels. Orthogonal frequency division channel is used to reduce interference between different CUEs. At the same time, in order to improve the spectrum reused rate, multiple V2V pairs reuse one CUE channel, similar to some existing works in [5] , [30] , and [35] . But multiple V2V pairs use one channel leading interference between different V2V pairs. We use a round selection fashion to reduce mutual interference of V2V pairs in the same channel. The reason for reducing interference by round selection fashion is to increase the V2V pairs spacing in the same channel. For instance, in Fig. 1 , there are three CUEs and six V2V pairs. There are six V2V pairs belonging to the communication area, and three CUEs mean three shared channels for V2V pairs to multiplex. Six pairs of vehicles are divided into three groups through round selection fashion. On the road from right to left the index of vehicle pairs is one to six. The first vehicle pair is assigned to ( mod {1, 3} + 1)th group. The second vehicle pair is assigned to ( mod {2, 3}+1)th group. The third vehicle pair is assigned to (mod{3, 3} + 1)th group. The V2V pairs labeled 2 multiplex the channel of the CUE labeled 1. The V2V pairs labeled 3 multiplex the channel of the CUE labeled 2. The V2V pairs labeled 1 multiplex the channel of the CUE labeled 3. By this analogy, the fourth vehicle pair uses the channel of CUE labeled 1. Without loss of generality, there are m CUEs, denoting the set as m ∈ M and k vehicle pairs, denoting the set as k ∈ K. The corresponding grouping is set as follows, the kth vehicle is assigned to ( mod{k, M } + 1)th group. And the (k + 1)th vehicle is assigned to (mod{k + 1, M } + 1)th group. What is more, CUE communication with BS uses the cellular network fashion. V2V pair uses D2D communication mode. Maximizing throughput is our goal in ensuring the QoS of CUE. Vehicle transmission signal is regarded as the interference to CUE when the QoS of CUE needs to be guaranteed. The sending signal of CUE is also interference to the vehicle when V2V acts as a target communication link. There exists the interference between vehicles in the same group number. These two parts are the main interference of V2V communication.
Using orthogonal channels does not cause interference between different CUE. Considering a CUE and V2V pairs in the same channel as a communication unit, the system model is greatly simplified. The above system model can be logically extracted and the system topology is simplified in Fig. 2 .
It is assumed that the uplink communications are considered. The channel gain contains fast fading and slow fading. The basic form of channel gain is as follows,
where g is channel gain, h is the fast fading component caused by Doppler shift. α is slow fading component involving shadowing and path loss. According to the dynamic performance, the system is divided into two forms: error and error free. From [15] , we can see that the delay error has been considered in V2V link but the delay error has not been used in CUE to BS link. The link of CUE to BS uses error-free model due to BS receiving information directly from CUE. And the mobility of CUE comparing with vehicle is too small to ignore. Due to the low mobility of CUE, the description of channel gain for dynamic links is not necessary. In the CUE to BS links, CSI can be measured by the BS without the influence of delay. But the error of the V2CU link due to the mobility of the vehicle will be greater. So the channel mode in V2CU link is more complex comparing with V2V link. But the V2CU channel gain model belongs to dynamic link. The error portion of the V2CU link needs to be analyzed. A detailed description will be given in the Section III. The communications of V2V and V2CU are with delayed feedback. One of the most important factors affecting the transmission delay is the speed of vehicle mobility. The information cannot be transmitted in time, that will cause the error of the receiver's information. The fast fading of V2V links can be described through first-order Gauss-Markov process. And the delay channel model of fast fading in [16] has been applied. The fast fading part of channel gain is represented as the sum of the deviation e and the previous h. However, the links of V2V and V2CU have the different topology. Particularly, the rapid topology changes appear in the V2CU link. Doppler shift results phase differences and path differences. So the V2CU channel model is more complex than V2V. We will discuss the channel gain of the V2CU link in the Section III. The form of channel gain in V2V and CUE to vehicle can be written as follows.
where h k,k is the fast fading part of channel in V2V link in current time. h k,k denotes the fast fading part of channel in V2V link in previous time. It is assumed e k,k follows the Gaussian distribution with variance of (1 − 2 ) and mean of 0. And the distribution follows identically and independent. According to Jakes' model [15] 
The first kind of zero-order Bessel function sets as J 0 (·). And f d = νf c /c is the maximum Doppler frequency with c = 3 × 10 8 m/s. Carrier frequency is f c and ν is the speed of vehicle [16] .
B. PROBLEM FORMULATION
With the orthogonal frequency division channel, there is no interference between different CUE and there is no interference between vehicle pairs refusing different CUE. Taking V2V link as the target link, the interference comes from other teams and CUE. Considering the uncertainty of channel gain, the signal-to-noise ratio can be described as the following form.
where,
, denoting the interfering channel gain of CUE to the kth vehicle pair.
According to (3), the effect from CUE to vehicle interference is limited. As interference links for V2V communication, CUE to vehicle links have no imperfect channel knowledge, that will not significantly affect γ k [16] . Therefore the interference of the target V2V link from CUE to vehicle can be ignored. Then (3) can be simplified as follow,
Maximizing the sum of V2V throughput conducts the optimization target. At the same time, guaranteing the QoS of CUE becomes a constraint. The transmission power should be limited. Different from the work in [15] , the delay model in V2CU link has been considered in this paper. The objective function and constraint are written in the following form.
where, ω is the interference threshold. p is the vector of power.
III. TRANSFORMATION OF CONSTRAINT AND OBJECTIVE FUNCTION
It is obvious that the constraint (6) includes uncertainties and the objective function is an non-convex problem in (5) . The objective function and constraints are difficult to deal with when determining the optimal solutions. In this paper, the approach of successive convex approximation is adopted to make the objective function solvable while ensuring QoS of CUE. For the uncertain channel gain, two different models are analyzed and the uniform equivalent problem formulation is achieved. It is noted that, due to phase differences, speed differences, topology changes, etc, V2CU links are more complex than V2V links. However, V2CU is different with CUE to BS links. The error model used as V2V is not accurate enough. The channel gain model of V2CU links still belong to gain model of dynamic link. Numerous uncertainties in V2CU links make the description of errors more complicated, which is unlike V2V link. Two common forms are adopted to describe the uncertainty mentioned above, i.e. the statistical constraints and deterministic constraints. Considering the fast fading, the general form the channel gain is described as,
Similar uncertain model has been considered in [36] and [37] . Hence the channel gain can be written as
. Next, we analyze these two constraint transformations.
A. DETERMINISTIC MODEL
The deterministic constraint model, where the deterministic boundary is known, is a commonly used form of to describe the uncertainty. The knowledge of the boundaries of uncertainty is necessary in this model and the error model is given as follow,
where W is a R K ×K invertible weighting matrix. Each diagonal element in W = diag(w 1 , w 2 , · · · , w k ) represents weighting factors of interference sources. is the boundary of the uncertain region. W can be chosen through the different shape of G, which depends on error source such as limited training sequences, Gaussian noise and quantization error. It is concluded the constraint (6) can be rewritten as follows.
The brief proof is given as follows. According to G, one has max |z k | q ) 1/q is the dual norm of z (q), where q in the dual norm satisfying q = 1 + 1/(t − 1). The result of the final simplification is as follows,
The proof is completed. In this part, the uncertain channel gain is assumed to be statistical model obeying some distribution features. Then the constraint (6) is solved by Bernstein approximation. The probability of violation of accessing requirements is given by the threshold ε. We rewrite the channel model expression of the V2CU link as,
Then, (6) can be rewritten as below,
where, k = [ξ 1 , · · · , ξ k ] is the error floating vector. The elements are independent of each other, and every element ξ k obeys the unimodal symmetrical distribution on [-1,1]. ρ is probability distribution ofĝ. We approximate the (12) formula by the Bernstein approximation [38] to the deterministic expression. The conversion process of the Beinstein function is shown below. Consider the following common probability constraint inequality,
where p is a deterministic parameter and ζ k is random variable with marginal distribution ξ k . Suppose that one desires to meet this constraint for a given family of ζ k distributions under the following assumptions:
Under these assumptions, the following constraint constitutes a conservative approximation, and the constraint (14) can be approximated by the following constraint [39] ,
where, k (y) = max
log( exp(xy)dξ k (x)). According to [29] , we can see the constraint of (15) is convex. Assumption k (y) satisfies the following upper bound,
is a constant within given distribution. Using the upper bound to replace constraints (15), the transferring geometric inequalities can be expressed as
So, (17) is the conservative convex approximation of (14) .
formula (14) is equivalent to (6 (17), we obtain
It can be formulated further with norm form,
where, z 1 represents the 1-norm of z, z 1 = i |z i |. And the safe approximation variables are µ + and σ , which are in the specific interval denoted as F. The values of µ + and σ are fixed but depending on the distribution for a specific F, which are shown in Table 2 . The inequality (19) through z ≤ |z| can be approximated as
C. TRANSFORMATION OF OBJECTIVE FUNCTION
Since the original problem is a non-convex problem because of the logarithmic function in the objective function, here, the method of successive convex approximation is adopted to relax the original problem and make it solvable. We can use the lower bound to approach the original function as follows.
Each term of (5) can be represented by θ k log(γ k (e p )) + β k through successive convex approximation. Moreover, the one to one variable substitution p = ep is used in the transformation. When the approximation process is converged, θ = 1, β = 0, and each term of objective function can be written as follows,
Accordingly, (7) can be transformed as (e p 1 , e p 2 , · · · , e p k ) ≤ p max . Considering the transformed deterministic expression of the constraint conditions, the original problem is represented as,
The constraint condition is transformed by statistical model. (6) can be transformed as Pr{ 
The constraint condition is transformed by statistical error model, and the original problem is represented as the following new situation,
According to z ≤ |z|, the limit conditions can be treated approximately, by the definition
model. Therefore, the two error models can be approximated by an uniform linear inequality,
Now, the normal convex optimization problem is reformulated, which can be easily solved by Lagrangian dual method.
D. POWER CONTROL
The Lagrangian function can be constructed as follows,
where λ is the vector of the Lagrangian multipliers. The dual decomposition is utilized to determine the optimal solutions. The dual function of (27) is min
Since the objective function is convex, we seek partial derivatives of Lagrangian and solve the optimal solution by iterative method. Based on the Lagrangian function after dual processing, we can calculate the partial derivative, p k and λ, respectively. The results under two considered channel models are given respectively as follows,
Partial derivative calculations under deterministic model are (28) and (29) . Partial derivative calculations under statistical model are (30) and (31) . In (28), θ k and θ j can be achieved by (21) . The selection of initial points θ k and θ j uses the method of high-SINR approximation where θ k = 1, θ j = 1 [18] . a represents the iteration step of the objective function, and b is the iteration step of the multiplier. ω is the interference threshold. ε is the outage probability in (18) . Through the above transformation, we convert the non-convex problem into a convex one.
We summarize the process in Algorithm 1, which illustrates the idea of power iteration and multiplier update. Using a looping statement to calculate the initial value of the (32) . Then judge whether p * meets the requirements of (34). 5.Calculate (31) or ((29)). (31) is used for statistical model. (29)is used for deterministic model. Update λ using (33 (30) . The initial value of p is set to 10 −2 W. The interference threshold ω is 3.2 × 10 −4 . Maximum transmit power p max is 0.2W. The constraint of condition (7) is transformed by (34) . The calculation of the iterative initial value of the second step in Algorithm 1 contains γ , θ and β.
IV. SIMULATION RESULTS AND PERFORMANCES ANALYSIS
Based on the transformation of objective function in Section III, the simulation results in this Section are shown and analyzed. Highway scenario is considered in the simulations. In order to simplify the analysis, a CUE and V2V pairs which reuse this user channel are our analysis objects. In other words, a minimum communication unit is considered in the communication range of the BS. It can be clearly seen that the transmit power has not exceeded the maximum. And the convergence speed of the power is very fast.
In Fig. 4 , the throughput of uses is given, where the speed of the vehicle is 20m/s, the delay time is 1ms and D2D-V density 5. The dotted and solid lines represent the throughput changes under the statistical model and the deterministic model with different weights, respectively. The throughput trends under the different models are shown. With the interference vector increment, The statistical model has less variation than that of the deterministic model. And it can be clearly seen that both throughput under two models decreases as the disturbance factor rises. Increasing the disturbance factor under threshold constraints imposes more stringent constraints on the system. And the falling amplitude is less than the deterministic model. The statistical model has better robustness. For the problem of maximizing throughput, the processing method in this paper effectively reduces the impact of interference on the system. The stable communication environment of V2V pairs guarantees the communication quality of V2V pairs under high-speed mobile channels. In Fig. 5 , the solid line and the dotted line represent the V2V pairs interference under the deterministic model and the statistical model, respectively. Bringing the optimal power value back to the constraint condition (6), it is found that both values are less than the interference threshold. The result of the statistical model is less than the deterministic model. This means that with the same interference threshold, the power control scheme with the statistical model cause less interference, which is beneficial to the primary user to keep better quality in the same communication environment. The weighted factor is used to evaluate the degree of uncertainty. So we can see the performance, such as induced interference and achieved transmission rate, of statistical models is better VOLUME 6, 2018 FIGURE 5. The V2V pairs interference to CUE under different weighting factors. than deterministic model. This is consistent with the robustness of Fig. 4 . Fig. 6 shows the allowed delay time via vehicle speed, while ensuring the same throughput requirement. It can be seen from the figure that, with the same speed, the longer the delay time is, the smaller the throughput is. At the same time, the throughput is decreased with the increase of the vehicle speed at the same delay time. This is in line with the actual situation. We set the same time interval as 0.2ms. For instance, when the vehicle speed is 10m/s, the delay time is varied from 2ms to 2.4ms with different throughput requirements. So, the longer the delay time is, the worse the vehicle communication quality will be. The throughput will be reduced when the feedback delay increased. It is instructive to choose the appropriate sampling time for vehicle information feedback. From Fig. 7 , it can be seen that the system throughput in statistical model increases as the D2D-V density increases. D2D-V density varies from 5 to 10, the throughput has increased 34.18%. D2D-V density varies from 10 to 15, throughput has increased 15.62%. For the other two density interval [15, 20] and [20, 25] , the improved throughput percentages are about 9.29%, 6.25%, respectively. It is found that the higher D2D-V density is helpful to increase the total transmitting rate, however, the increment tends slow.
Next, we use the different driving speed to evaluate the throughput under different delay conditions. This makes the research more realistic. From Fig. 8 shows clearly the impact of vehicle speed on the throughput over the same delay time. The delay time is set as 1ms, 1.1ms, and 1.2ms, respectively. When the speed of the vehicle increases, the amount of throughput is decreasing. The longer the delay time, under the same speed is, the smaller the throughput will be. The tendency is hold with different speed and feedback delay. Hence, it is necessary to consider the delay time carefully during V2V communication. 
V. CONCLUSION
In this paper, one-to-many communication mode is used in coexisting cellular network and D2D-enable vehicular network. Dynamic communication fashion is shown in V2V and V2CU links, which is more truthfulness in the actual communication environment. Due to the complexity of V2CU links, these links are analyzed in two forms, deterministic model and statistical model. The uniform power allocation strategy is proposed based on the transformation of objective function and constraint conditions. Simulations under different scenarios are done to evaluate the proposed scheme. It is shown that in the aspect of robustness and throughput improvement, the statistical model is better than deterministic model. Moreover, it is analyzed carefully that how some other parameters, such as vehicle speed and feedback delay, affect the throughput.
